Abstract Effects of global warming on radial growth were examined for the subalpine tree species Abies veitchii (1600-2200 ma.s.l.), A. mariesii (2000-2500 ma.s.l.) and Betula ermanii (1600-2500 ma.s.l.) in central Japan, by using dendrochronological techniques. Chronologies of tree-ring widths were examined for the three species and of maximum latewood densities for the two Abies species at their upper and lower distribution limits (total 10 chronologies). We developed multiple regression models to reproduce these chronologies from the monthly mean temperature and sum of precipitation. Of the 10 chronologies, growth-climate relations could not be modeled for tree-ring width chronologies of the three species at their lower distribution limits because of low correlation. Annual mean temperature and annual sum of precipitation will increase about 3°C and 100 mm, respectively, by 2100 in central Japan, according to 18 climatic change scenarios (6 general circulation models ×3 greenhouse gasses emission scenarios). We predicted tree-ring widths and maximum latewood densities by substituting 18 climatic change scenarios into the growth-climate models. Maximum latewood densities and tree-ring widths of A. mariesii at the upper and lower distribution limits increased by 2100. The rates of the increase tended to be greater for scenarios with more greenhouse gas emission. By contrast, maximum latewood densities of A. veitchii and tree-ring widths of B. ermanii were unchanged by 2100, irrespective of the three greenhouse gas emission scenarios. This study showed that radial growth of the three species responds differently to global warming and their responses are predictable by dendrochronological models.
Introduction
Climatic conditions, such as temperature and precipitation, greatly influence plant distribution. Thus, the distribution of plant species changes along altitudinal and latitudinal gradients. Plant individuals at the upper and lower distribution limits are exposed to colder and warmer air temperatures, respectively, within the altitudinal distribution range, indicating that climatic factors affecting plant growth of a species change with altitude. Many studies reported that radial growth of trees is limited by low temperatures at high altitudes (Buckley et al. 1997; Hopton and Pederson 2005; Savva et al. 2006; Wang et al. 2008; Levanič et al. 2009 ).
Plants are presumed to change their distribution to high altitudes and high latitudes by global warming (Sykes and Prentice 1996; Iverson and Prasad 2002; Penuelas et al. 2007; Kelly and Goulden 2008; Lenoir et al. 2008) . Ishigami et al. (2003 Ishigami et al. ( , 2005 predicted from a simulation model that the rate of increase of net primary production at ecosystem level due to global warming is greater at higher latitudes in Japan, and that southern vegetation changes its distribution to higher latitudes and altitudes. Fujimoto (2008) found from observation of leaf phenology of 29 deciduous and evergreen broad-leaved species during 10 years in central Japan that the growth period of plants is prolonged by an increase in temperature. However, few studies have examined how global warming affects tree growth at the individual tree level. It is especially important to examine tree growth at the upper and lower altitudinal distribution limits in relation to climatic conditions to predict vegetation shift along altitudinal gradients.
Dendrochronological techniques are often used to analyze relationships between tree growth and climatic conditions. Climatic conditions have large interannual variations that affect tree growth. Although tree-ring width is usually examined in dendrochronological studies, maximum latewood density within an annual tree ring is also often affected by climatic conditions in conifers (Jacoby and D'Arrigo 1995; Fujiwara et al. 1999; Wimmer and Grabner 2000; Davi et al. 2003) . Wide tracheids with a thin secondary wall are formed in the early growing season (early wood), and then narrow tracheids are formed within thick secondary wall (latewood). Wood density is wood mass per unit volume, which is usually greater in tracheids formed in the later growing season (Yasue et al. 2000) . Although dendrochronological techniques have been used so far to reveal past relationships between climatic conditions and radial growth, these techniques would be useful to evaluate the effects of climate changes on tree growth (Fonti et al. 2010) .
In central Japan, annual mean temperature increased about 2°C during the 20th century (Japan Meteorological Agency 2011), probably due to climate change (Hamada 2008) . The subalpine zone (1600-2500 m above sea level) of Mount Norikura in central Japan is dominated by deciduous broad-leaved Betula ermanii Cham. (1600-2500 ma.s.l.) and evergreen conifers Abies veitchii Lindl. (1600-2200 ma.s.l.) and A. mariesii Mast. (2000-2500 ma.s.l.) . The upper distribution limit of A. veitchii and the lower distribution limit of A. mariesii is about 2000 ma.s.l., forming an altitudinal ecotone of the two Abies species. Dendrochronological studies have showed that the tree-ring width of A. mariesii positively correlates with summer temperatures at the upper and lower distribution limits, and that tree-ring widths of A. veitchii and B. ermanii have positive correlations with summer temperature at their upper distribution limits only (Takahashi et al. , 2005 (Takahashi et al. , 2011 . Responses to climatic conditions by radial growth differ between the three species along the altitudinal gradient on Mount Norikura. Therefore, effects of global warming on radial growth also are expected to differ between the three species.
Past climate was often reconstructed from the relationship between climatic conditions and chronologies of tree-ring widths and maximum latewood densities (Szeicz and MacDonald 1995; Diaz et al. 2001; Barber et al. 2004) . For example, tree-ring width of Scots pine (Pinus sylvestris) in northern Finland positively correlates with July temperature of the current year of the growth (Helama et al. 2002) . By assuming the growth-climate relationship did not change with time (or climatic changes), July temperature in the past could be reconstructed from the tree-ring data for a 7500-year period (Helama et al. 2002) . The Little Ice Age could be also reconstructed from tree-ring data by this method (Grudd et al. 2002) . The methods of climate reconstruction could be applied to predict future tree growth from climatic change scenarios (Williams et al. 2010) . Namely, a model is made to predict tree-ring widths or maximum latewood densities from climatic data in the past, and then a climatic change scenario is substituted into the model. For example, Laroque and Smith (2003) predicted the growth of mountain hemlock (Tsuga mertensiana) decreases by 2100 at high altitudes on Vancouver Island by using the climatic change scenario generated by the Canadian Climate Center secondgeneration CGCM2. However, they did not take into account the uncertainty of greenhouse gas (GHG) emissions, because they used only one general circulation model (GCM) with one GHG emission scenario (1 %year −1 increase in CO 2 concentration). This study aimed to develop statistical models to predict tree-ring widths and maximum latewood densities of A. veitchii, A. mariesii and B. ermanii at their upper and lower distribution limits in central Japan, and to clarify the potential effects of global warming on tree-ring widths and maximum latewood densities. We used six GCMs and three GHG emission scenarios to take into account uncertainty of climatic changes.
Materials and methods

Study site
This study was done in the subalpine forest zone on the east slope of Mount Norikura (36°06′N, 137°33′E, 3027 ma.s.l.) in central Japan. The nearest weather station from the study site is Nagawa (1068 ma.s.l., about 12 km from the summit). The mean annual temperature was estimated as 0.9°C at 2400 ma.s.l., 3.7°C at 1900 ma.s.l. and 5.3°C at 1600 m a.s.l. from temperatures recorded at Nagawa Weather Station from 1978 to 2010 using the standard lapse rate of -0.55°C for each +100 m altitude. Annual mean precipitation was 1971 mm at Nagawa.
The major vegetation zones of tree species on Mount Norikura are a montane deciduous broad-leaved forest zone (800-1600 ma.s.l.), a subalpine coniferous forest zone (1600-2500 ma.s.l.) and a dwarf pine Pinus pumila Regel scrub zone (2500-3000 ma.s.l.). The timberline was about 2500 ma.s.l. on the examined east slope (Takahashi 2003) . Evergreen conifers A. mariesii, A. veitchii, Tsuga diversifolia Mast. and a deciduous broad-leaved B. ermanii were dominant species at the subalpine zone. Sasa senanensis Rehder patchily dominated the forest floor. Details of species composition and forest structure along an altitudinal gradient of Mount Norikura are available in and .
Chronologies of tree-ring width and maximum latewood density
The tree-ring widths and maximum latewood densities of each species were examined at the upper and lower distribution limits. However, we did not examine the maximum latewood density of B. ermanii because early and latewood did not differ, unlike the two Abies species. We used the tree-ring information from our previous studies: B. ermanii (Takahashi et al. , 2005 and the two Abies species (Takahashi et al. 2011) . Sampling of wood cores was done in 2001 and 2003 (B. ermanii) and 2006 (the two Abies species) at the lower and upper distribution limits for each species. Sampling altitudes (the lower/upper distribution limits) were 1600/1900 ma.s.l. for A. veitchii, 1900/2400 ma.s.l. for A. mariesii and 1600/2400 m a.s.l. for B. ermanii. About 20 trees were cored from stems at breast height (1.3 m), with two cores from each tree, for each species at each altitude. Details of sampling, cross-dating and standardization of tree-ring widths and maximum latewood densities are described in Takahashi et al. (2003 Takahashi et al. ( , 2005 Takahashi et al. ( , 2011 . Basic statistics of the tree-ring width and maximum latewood density of the two Abies species and B. ermanii at the upper and lower distribution limits are shown in Table S1 .
We used climatic data around the study site. The record period of Nagawa weather station was from 1976, which is short, and so we used climatic data recorded at Matsumoto (610 m a.s.l., about 40 km from the summit) where climatic data was recorded from 1899. The growth period of plants is often defined as the period when monthly mean temperature exceeds 5°C (Kira 1948) . According to climatic data of Matsumoto, the growth period for plants was estimated as from May to October at 1600 and 1900 ma.s.l. and from June to September at 2400 ma.s.l. using the lapse rate of -0.55°C for each +100 m between early summer and autumn (Sato 2011) .
Correlation tests between each standard chronology and monthly climatic data (mean temperature and sum of precipitation) were done for the common period of 1944-2001 among the 10 chronologies (Table S2 ). The details of growth-climate relationships of the two Abies species and B. ermanii at the upper and lower distribution limits are described in Takahashi et al. (2003 Takahashi et al. ( , 2005 Takahashi et al. ( , 2011 .
Predictive models for radial growth
This study predicted tree-ring width and maximum latewood density indices of A. veitchii, A. mariesii and B. ermanii by applying a reconstruction method of past climatic conditions from tree-ring data. Reconstruction methods use multiple regression models for the predictions of past climatic conditions from tree-ring index by assuming that growth-climate relationships did not change with time (or climatic changes). In this study, we predict future tree-ring width and maximum latewood density indices by using climatic change scenario and the present growth-climate relationships.
In the multiple regression analysis we used monthly climatic data from the start of the growing season of the previous year to the end of growing season of the current year, i.e., total 18 months at 1600 and 1900 ma.s.l. and 16 months at 2400 ma.s.l. The monthly mean temperature and monthly sum of precipitation from 1944 to 2001 (58 years) were standardized (mean 0 and standard deviation 1). The climatic variables that yielded significant correlations with the predictand (Table S2) were extracted as independent variables to eliminate less important climatic variables for the predictand because these variables would reduce model fitting. The selected standardized climatic data sets (monthly mean temperature and monthly sum of precipitation) were transformed to principal component scores to remove multicollinearity. We used the principal component scores (58 years), not raw climatic data, for prediction models. The number of principal components is as same as that of that of the variables used. However, some principal components account for only a small portion of the data variance, and would reduce the model fitting. To reject less important principal components, we used the PVP method (Guiot 1990) in which the components retained are those for which the cumulative product of eigenvalues exceeds 1. The principal components selected by the PVP criteria were presumed to explain 90~95 % of variation of the past climate in studies of the reconstruction of past climate (Guiot 1990 ). Finally, multiple regression analyses were done against standardized indices of tree-ring widths and maximum latewood densities with principal component scores as independent variables. Predictive models were statistically verified (Text S1). This study analyzed radial growth forecast only for successfully verified models.
Radial growth forecast
Climatic change scenarios were substituted into the verified models that had good agreement between observed and predictive tree-ring widths or maximum latewood densities. Of the GCMs used for the fourth IPCC report (IPCC 2007) , six models were used in this study, i.e., climatic change scenarios during 2000-2100 by BCCR-BCM2.0, CGCM3.1 (T47), INM-CM3.0, IPSL-CM4, MIROC3.2-medres, MRI-CGCM2.3. The climate during 1970-2000 was reproduced by each GCM using the 20th century climate experiment (20C3M). GCM output was employed from the IPCC special report on emission scenarios (SRES; IPCC 2007): B1 (global sustainability), A1B (balance across energy source) and A2 (provincial enterprise) scenarios. All GCM projections were interpolated onto the 2nd-order mesh data with a resolution of 7.5′ in longitude and 5.0′ in latitude (approximately 10×10 km) (Okada et al. 2009 ). This study used climatic change scenarios at Matsumoto (N36°14.7′, E137°58.2′) to predict radial growth because the growth-climate relationships of the two Abies species and B. ermanii were examined by using Matsumoto data (Table S2 ). According to the 18 combinations of climatic change scenarios (6 GCMs×3 GHG emission scenarios), annual mean temperature and annual sum of precipitation increase by about 3±1°C and 100±200 mm, respectively, by 2100, compared with 2000 (Fig. 1a, c) . The rate of increase in annual precipitation did not differ among the three GHG emission scenarios (Fig. 1d) . However, the rate of increase in annual mean temperature differs in proportion to the GHG emissions, i.e., annual mean temperature increases by 1.7°C, 2.7°C and 3.5°C by 2100 under B1, A1B and A2 emission scenarios, respectively (Fig. 1b) .
Each monthly climatic data (mean temperature and sum of precipitation) during 1970-2100 were standardized as mean 0 and standard deviation 1 for each climatic change scenario. Future tree-ring width and maximum latewood density indices by 2100 were predicted by substituting the 18 combinations of the standardized climatic change scenarios (6 GCMs×3 GHG emission scenarios) into the prediction models.
Predicted changes in tree-ring width and maximum latewood density indices during 2001-2100 were expressed as ratios to the mean values during 1970-2000. Thus, a value greater than 1 indicates increase in tree-ring width or maximum latewood density index relative to the mean value during 1970-2000.
Results
Four prediction models were successfully verified by showing statistical significance in the correlation test, sign test and reduction of error for both early and late periods (Table 1) , the maximum latewood density indices of A. veitchii at 1600 and 1900 ma.s.l. and A. mariesii at 2400 ma.s.l. and the tree-ring width index of B. ermanii at 2400 ma.s.l. The maximum latewood density index of A. mariesii at 1900 ma.s.l. was supported by correlation and sign tests and reduction of error for both periods, except for reduction of error (i.e., minus value) in the early period (Table 1 ). The tree-ring width indices of A. mariesii at 1900 and 2400 m a.s.l. were supported by four of the six (2 periods×3 tests) ( Table 1 ). The following three models of tree-ring width indices were supported by only one or two of the six; A. veitchii at 1600 and 1900 ma.s.l. and B. ermanii at 1600 ma.s.l. (Table 1) . Therefore, seven of the 10 chronologies examined were considered to be applicable to predict tree-ring width and maximum latewood density indices (Table 2) .
Tree-ring width and maximum latewood density indices were estimated for 1944-2001 by substituting observed climatic data (monthly mean temperature and monthly sum of precipitation) into the seven verified models. The indices calculated by the models corresponded well to the observed indices (Fig. 2) . However, the tree-ring width and maximum latewood density calculated by the models could not reproduce extreme high and low values, e.g., maximum latewood density of A. mariesii at 1900 ma.s.l. in 1974, that of A. veitchii at 1600 ma.s.l. in 1988, tree ring width of B. ermanii at 2400 ma.s.l. in [1953] [1954] (Fig. 2) .
More monthly climatic factors of the current year than those of the previous year were included in the seven models ( Table 2) . Coefficients of most monthly mean temperatures were positive in the seven models, and coefficients of most precipitation were negative (Table 2) . Therefore, high temperatures of the current year increased the tree-ring width and maximum latewood density indices, and much precipitation decreased them.
The 18 combinations of climatic change scenarios during 1970-2100 (6 GCMs×3 GHG emission scenarios) were substituted into the seven models of tree-ring width and maximum latewood density indices, and the future growth was predicted. The four indices of tree-ring widths and maximum latewood densities of A. mariesii in 1900 and at 2400 ma.s.l. steadily (Fig. 3c, d , e, f). Growth of A. mariesii reflected increase in temperatures due to climate change because many monthly temperatures had positive coefficients in the tree-ring widths and maximum latewood density models of A. mariesii (Table 2) .
By contrast, the three other indices were almost unchanged, i.e., the maximum latewood densities of A. veitchii at 1600 and 1900 ma.s.l. and the tree-ring width of B. ermanii at 2400 m a.s.l. (Fig. 3a, b, g ). The models of A. veitchii and B. ermanii also included positive coefficients with temperatures, like A. mariesii. However, the number of negative temperature coefficients relative to that of the positive coefficients was more in the three models of A. veitchii and B. Table 1 Verification of predictive models for tree-ring width and maximum latewood density indices of Abies veitchii, A. mariesii and Betula ermanii. Calibration periods are in the order of whole (1944-2001), early (1944-1972) and late (1973-2001) T Pt temperature of month t in the previous year, P Pt precipitation of month t in the previous year, T Ct temperature of month t in the current year, P Ct precipitation of month t in the current year ermanii than in the four models of A. mariesii. Therefore, the negative effects of monthly climatic factors on tree growth were stronger than the positive effects. Also, although the tree- Fig. 2 Comparison of tree-ring width (RW) and maximum latewood density (MLD) indices between observed data (black) and calculated data (red) for Abies veitchii (Av), A. mariesii (Am) and Betula ermanii (Be) at altitudes 1600, 1900 and 2400 ma.s.l. on Mount Norikura, central Japan. Species, altitude and type of chronology (RW or MLD) are next to the parenthetical letter. Note that scale of the ordinate axis is different between MLD and RW ring width model of B. ermanii at 2400 ma.s.l. included only two positive coefficients with monthly temperatures, five coefficients were negative with monthly precipitation. Future tree-ring width and maximum latewood density indices differed slightly according to the GHG emission scenarios. The rates of increase in tree-ring width and maximum latewood density indices of A. mariesii at 1900 and 2400 ma.s.l. by 2100 were slightly greater in the order B1<A1B<A2 (Fig. 4c, d , e, f). This order corresponded to the GHG emissions (i.e., increase in air temperature). However, the three other indices showed no large differences between the three GHG emission scenarios (Fig. 4a, b, g ).
Discussion
Seven models could be statistically verified among the 10 chronologies examined in this study. The three unverified models were tree-ring widths of A. veitchii at 1600 and 1900 m a.s.l. and B. ermanii at 1600 ma.s.l. Tree-ring width is less sensitive to climatic conditions compared with maximum latewood density in the two Abies species, although the maximum latewood density of A. veitchii at 1900 ma.s.l. responded to many climatic factors (Table  S2) . Therefore, the unsuccessful development of tree-ring width models was partly due to low sensitivity to climatic factors.
Annual mean air temperature increased in the 20th century, especially from the 1980's, at Matsumoto (Hamada 2008) . This trend was reproduced by the GCMs used in this study (Okada et al. 2009 ). According to the model prediction, maximum latewood density and tree-ring width indices of A. mariesii at 1900 and 2400 ma.s.l. steadily increased by 2100 without significant drop. The rates of the increase by 2100 were greater in the higher emission scenarios. By contrast, the other indices of A. veitchii and B. ermanii were almost unchanged, i.e., the maximum latewood density indices of A. veitchii at 1600 and 1900 m a.s.l. and the tree-ring width index of B. ermanii at 2400 ma.s.l. Especially, tree-ring width of B. ermanii at 2400 ma.s.l. showed five negative coefficients with monthly precipitation. Global warming is predicted to increase precipitation in mid-and high latitudes (IPCC 2007) . Increase in precipitation causes decrease in insolation duration at the study site (Takahashi et al. 2005) . Reduction of insolation duration would reduce growth of B. ermanii (Takahashi et al. 2005) , because B. ermanii is a light-demanding pioneer species (Koike 1988) . Thus, responses to global warming may differ among the three subalpine species.
Interannual variations in the predicted indices of tree-ring widths and maximum latewood densities were smaller than the observed indices because the predictive models could not reproduce extreme small and large values. Esper et al. (2005) also showed the variations reproduced by regression models were smaller than those of observed data. The failure is probably due to a methodological problem for making predictive models. The predictive models estimated tree-ring width and maximum latewood density indices from monthly mean temperatures and monthly sum of precipitation. One limitation of using monthly temperature and precipitation data in analyzing growth-climate relationships is that short-term, extreme climate events are not well represented (Oberhuber et al. 2008 ). For example, several studies reported that several-day average temperature correlates well with chronologies of tree-ring widths and maximum latewood densities of conifers (Vaganov et al. 1999; Kirdyanov et al. 2003; Kujansuu et al. 2007) , suggesting that short-term climatic conditions are important for tree growth. Relationships between tree-ring widths and climatic factors, such as monthly mean temperature and monthly sum of precipitation, are not always linear (D'Arrigo et al. 2008; Leonelli et al. 2009 ). Therefore, accuracy of predictive models has room for further improvement.
The divergence problem (DP) is another issue for analyzing growth-climate relationships in dendrochronology (D'Arrigo et al. 2008) . DP is a disassociation between tree-ring width (or maximum latewood density) from the regional temperature trends after 1960's (Esper and Frank 2009) . Even if tree-ring width (or maximum latewood density) is limited by low summer temperature, the growth indices did not increase as same as increase of temperature . This phenomenon was also found in our study species on Mount Norikura (Takahashi et al. 2005 (Takahashi et al. , 2011 . The cause of DP is not well known (Esper and Frank 2009 ). Thus, we need caution how DP affects our model results. It is possible that tree-ring width and maximum latewood density will not increase in the future as same as the model results of this study.
This study showed how global warming can affect tree-ring widths and maximum latewood densities of three subalpine tree species. Relationships between past tree growth and climate have so far been investigated by using dendrochronological techniques for many tree species in various climatic zones. Radial growth of trees tended to increase in cold climatic zones, such as high altitudes and latitudes, after the 20th century probably due to global warming (Jacoby et al. 1996; D'Arrigo et al. 1998; Rolland et al. 1998) . Although tree growth can be expected to increase more in the future in cold regions by global warming, predicting the effects of global warming on tree growth is difficult because precipitation also affects tree growth. Tree growth decreased even at high latitudes after the 20th century because of increase in drought stress caused by climate change (Briffa et al. 1998; Barber et al. 2000; Lloyd and Fastie 2002; Wilmking et al. 2004 ). Drought stress is pronounced in dry sites. For example, Jump et al. (2006) and Piovesan et al. (2008) showed drought-driven growth reduction of Fagus sylvatica at the southern distribution limits after 1970's by using dendrochronological techniques. Our approach can treat positive and negative effects of climatic factors on radial growth (treering width and maximum latewood density) qualitatively and quantitatively by using multiple linear regression models that enable easy prediction of future tree growth. In conclusion, the analytical method used in this study, which investigates many tree species in various climatic zones, could contribute to research on how climate change affects tree growth on a global scale.
